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Abstract 21 
Fossil brachiopod shells are often used as valuable archives to reconstruct 22 
paleoenvironmental conditions in deep time. However, biomineralization processes 23 
can impact their fidelity as geochemical proxies. Brachiopod shells comprise an outer 24 
primary layer, a secondary fibrous layer and sometimes, a tertiary columnar layer. 25 
Therefore, it is essential to assess the potential effects of the biomineralization 26 
processes in each of the different shell microstructures of modern brachiopods. This 27 
study analyses the oxygen isotopic composition together with Li/Ca, Na/Ca Mg/Ca 28 
and Sr/Ca data at high spatial (20-50µm) resolution in seven modern brachiopod 29 
species, focusing on differences between the primary, secondary and tertiary layers. In 30 
all studied species, δ18O values of the outer primary layer are consistently out of 31 
equilibrium with seawater. Also, this shell layer is enriched in Li, Na, Mg and Sr. 32 
Contrary to the primary layer, the innermost secondary layer is near or at oxygen 33 
isotopic and elemental equilibrium with ambient seawater. The columnar tertiary shell 34 
layer, if present, has the least variable and the heaviest oxygen isotopic composition, 35 
within the range of equilibrium values with seawater. This tertiary layer, however, is 36 
depleted in minor and trace elements relative to the other shell layers. Thus, the 37 
tertiary layer is more suitable for oxygen isotopic studies, whereas the innermost 38 
secondary layer of the most mature parts of the shell is the best target in two-layered 39 
shells. While we do not observe any clear interspecific relationships between Mg/Ca 40 
and Sr/Ca ratios, on one hand, and environmental parameters such as temperature, 41 
salinity and pH, on the other hand, there is a positive interspecific relation between 42 
Na/Ca and salinity and a negative interspecific relation between Li/Ca and 43 
temperature, suggesting their potential use as proxies of physicochemical parameters 44 
of seawater.  45 
46 
1. Introduction 47 
 48 
Temporal changes of seawater temperature, salinity and pH during the 49 
Phanerozoic can leave signatures in the geological record, offering an exceptional 50 
opportunity to reconstruct past conditions in seawater chemistry, to understand the on-51 
going climate change and to predict its potential effects in the near future. 52 
Biominerals produced by marine calcifying organisms are a key tool in reconstructing 53 
the environmental parameters during their lifetime, as they act as archives of 54 
environmental conditions that prevail during their growth. To date, most of the 55 
information on the chemical evolution of marine environments through the 56 
Phanerozoic is derived from stable isotopes and trace element data of marine 57 
calcifying organisms such as foraminifera, corals, bivalves and brachiopods (e.g 58 
Veizer et al., 1999; Lea et al., 2000; Angiolini et al., 2009; Brand et al., 2011; Schöne 59 
and Surge, 2012; Crippa et al, 2016b; Garbelli et al., 2016). Brachiopods were 60 
ubiquitous throughout the Phanerozoic and continuous in the fossil record since the 61 
Early Cambrian up to now (Williams, 1997; Zhang et al., 2008). Most of them secrete 62 
shells made of low-magnesium calcite, generally the diagenetically most resistant 63 
(e.g. Lowenstam, 1961; Brand and Veizer, 1980; Popp et al, 1986). Therefore, the 64 
isotopic compositions and element/Ca ratios derived from fossil brachiopod shells are 65 
a powerful tool in paleoenvironmental studies (e.g. Popp et al., 1986; Brand, 1989; 66 
Veizer at al., 1999; Steuber and Veizer, 2002; Ullmann et al., 2016). Lowenstam 67 
(1961) showed that modern brachiopods precipitate their shells in oxygen isotopic 68 
equilibrium with ambient seawater and since then, fossil brachiopod shells have been 69 
extensively used to reconstruct temperature of ancient oceans (e.g. Bates and Brand, 70 
1991; Grossman et al., 1993; Wenzel and Joachimski, 1996; Korte et al., 2008). In the 71 
meantime, several studies on the incorporation of oxygen isotopes in modern 72 
brachiopod shells have been conducted in order to verify the assertion of Lowenstam 73 
(1961) (e.g. Carpenter and Lohmann, 1995; Buening and Spero, 1996; Brand et al., 74 
2003; Parkinson et al., 2005). They concluded that the calcite fibres of the secondary 75 
layer incorporate oxygen isotopes in equilibrium with seawater, while the primary 76 
layer is always depleted in 18O relative to equilibrium values. Recent studies carried 77 
out with high spatial resolution techniques (Auclair et al., 2003; Yamamoto et al., 78 
2010, 2013; Cusack et al., 2012; Takayanagi et al., 2012, 2013; Romanin et al., 2018) 79 
observed that the oxygen isotopic equilibrium is only reached in the innermost part of 80 
the secondary layer, while the outermost part is depleted in 18O relative to 81 
equilibrium. The depletion of 18O in the primary and outermost part of the secondary 82 
layer is explained by kinetic fractionation effects (e.g. Auclair et al., 2003; Yamamoto 83 
et al., 2010, 2013; Cusack et al., 2012). However, except in Cusack et al. (2012), all 84 
of the previous analyses investigated the intrashell variations in stable isotopes with 85 
micromill transects, achieving a relatively coarse resolution of about 0.1 – 0.5 mm. At 86 
such resolution, seasonal or growth rate difference can be averaged out. In addition, 87 
little attention has been paid to three-layered brachiopod species. In fossil 88 
brachiopods, the tertiary layer probably achieves a more stable oxygen isotopic 89 
composition and lower trace element contents than the primary and secondary layers 90 
(Grossman et al., 1996; Angiolini et al., 2012), in agreement with the findings of 91 
Romanin et al. (2018) for modern brachiopods.  92 
Only few studies focused on the incorporation of elements in the different 93 
brachiopod microstructures of the shells. Mg/Ca of brachiopod calcite has been 94 
suggested to have a consistent temperature dependency with ambient seawater by 95 
different studies (Perez-Huerta et al., 2008; Powell et al., 2009; Brand et al., 2013; 96 
Butler et al., 2015). However, as most of the brachiopods precipitate low-magnesium 97 
calcite shells (e.g. Clarke and Wheeler, 1917), the assertion that Mg/Ca can be used as 98 
temperature proxy has been challenged by other studies demonstrating that 99 
magnesium incorporation into the calcite shell is mainly controlled by physiological 100 
effects rather than environmental parameters (Lowenstam, 1961; Buening and 101 
Carlson, 1992; England et al., 2006; Cusack et al., 2008). As for Mg/Ca ratio, Sr/Ca 102 
and Li/Ca ratios have also been proposed as seawater temperature proxy (Delaney et 103 
al., 1989; Lowenstam and Weiner, 1989).  104 
To use elemental ratios and δ18O values of brachiopod shells as environmental 105 
proxies, it is fundamental to know the processes involved in their incorporation, and 106 
to determine their reliability. Here, we investigated the variations of δ18O values and 107 
elemental ratios (Li/Ca, Na/Ca, Mg/Ca and Sr/Ca) between the three layers differing 108 
in microstructure, using high spatial resolution techniques (ion microprobe and laser 109 
ablation-inductively coupled plasma-mass spectrometry, LA-ICP-MS). This 110 
investigation was performed on seven brachiopod species belonging to the orders 111 
Rhynchonellida and Terebratulida.  112 
 113 
2. Materials and methods 114 
 115 
Four specimens of Magasella sanguinea (Leach, 1814) (specimens DS401L, 116 
DS402L, DS403L and DS404L), three of Terebratalia transversa  (Sowerby, 1846) 117 
(D500L, D501L and D504L), Notosaria nigricans (Sowerby, 1846) (DS428L, 118 
DS429L and DS430L) and Gryphus vitreus (Born, 1778) (GV13, GV47 and GV78), 119 
two specimens of Magellania venosa (Dixon, 1789) (MV05 and MV17) and one 120 
specimen of Liothyrella neozelanica (Thomson, 1918), (DS422L) and Calloria 121 
inconspicua (Sowerby, 1846) (DS419L) were selected. In total, we analysed 122 
seventeen specimens from seven modern brachiopod species (Fig. S1). Terebratalia 123 
transversa samples were collected at a depth of 64m in the subtidal zone of San Juan 124 
Islands, Washington, USA (48.5°N, 123°W) in February 2002. Magellania venosa 125 
was collected in Ensenada de las Islas, Chile (43.8°S, 72.9°W) in March 2013, at a 126 
depth of 22m. Gryphus vitreus shells were sampled in 1974 near Tuscan Archipelago, 127 
Italy (42.3°N, 9.9°E) at a water depth between 140 and 160m. Finally, M. sanguinea, 128 
C. inconspicua, L. neozelanica and N. nigricans were collected in August 2010 from 129 
the subtidal zone of Doubful Sound, New Zealand (45.4°S, 167.1°E) at a depth of 130 
20m. They were collected in environments differing in water depth and latitude, and 131 
thus covering a wide range of environmental settings in terms of temperature, salinity 132 
and pH (Fig. 1, Table 1).  133 
 134 
2.1. Sample preparation 135 
The shells of each specimen were disarticulated into valves. The valves were 136 
cut into halves along a midline from the posterior (umbo) to the anterior parts to 137 
obtain longitudinal sections that are parallel with the ontogenetic growth. One portion 138 
of ventral and/or dorsal valves was mounted in epoxy and polished with diamond 139 
paste down to 1µm (Fig. 2), and then used for ion microprobe and LA-ICP-MS. The 140 
other portion was kept for bulk δ18O analyses, carried out by milling. In that case, any 141 
remaining soft tissue and encrusting organisms, such as bryozoans or coralline algae, 142 
were removed manually and cleaned in an ultrasonic bath with MilliQ water for 30 143 
minutes. Later, they were brushed and rinsed with deionized water and then dried at 144 
ambient temperature. 145 
 146 
2.2. Scanning electron microscopy (SEM) 147 
For the microstructural investigation of the brachiopod shell, the polished 148 
samples were etched with 5% hydrochloric acid for 3 seconds (Crippa et al., 2016a) 149 
and then carbon coated. Images were performed using a Zeiss-Auriga scanning 150 
electron microscope (SEM), equipped with a field emission electron gun (FEG) at 15 151 
KeV with a SE-Inlens detector. 152 
 153 
2.3. Oxygen isotopic analysis  154 
 155 
2.3.1. Ion microprobe technique 156 
Oxygen isotopic composition was determined using the ion microprobe 157 
technique with a CAMECA IMS 1280-HR at CRPG-CNRS (Nancy, France) during 4 158 
analytical sessions. Analyses were carried out following the procedure as described in 159 
Rollion-Bard et al. (2007). Oxygen isotopic analyses were performed with a 5 nA Cs+ 160 
primary beam with a charge compensation by a normal-incidence electron gun. The 161 
oxygen isotopes, 16O and 18O, were simultaneously measured in multicollection mode 162 
by using two off-axis Faraday cups, L’2 and H1. Gains of Faraday cups were 163 
intercalibrated at the beginning of each analytical session. Analyses were performed 164 
with a pre-sputtering time of 30 seconds, followed by 30 cycles of 4 seconds. During 165 
the pre-sputtering time, backgrounds of the Faraday cups were measured. Typical ion 166 
intensities of around 6 x 106 cps (counts per second) and 3 x 109 cps were obtained for 167 
18O- and 16O-, respectively, and after few minutes of counting, the internal 2σn error 168 
was less than ±0.1‰. The instrumental mass fractionation (IMF) was corrected by 169 
normalizing to three in-house calcite standards, BRET (δ18O=-10.87‰ V-PDB, 170 
Rollion-Bard and Marin-Carbonne, 2011), MEX (δ18O = -7.05‰ V-PDB, Rollion-171 
Bard et al., 2007) and CCciAg (δ18O = -11.61‰ V-PDB). The external 172 
reproducibility, estimated from replicates of the calcite in-house standards was 173 
between ±0.10 and 0.55‰, depending on the analytical session. The total error for 174 
each δ18O measurement takes into account the internal error and the external 175 
reproducibility. When necessary, the IMF was also corrected for the Mg content 176 
effect, by applying the correction factor of -0.3 x MgO %wt (Rollion-Bard and Marin-177 
Carbonne, 2011). All δ18O values are presented in ‰ relative to V-PDB international 178 
standard. 179 
To assess the variability in oxygen isotopic composition, transects from the 180 
outermost to the innermost part of the shell were performed with spot of 20 µm and 181 
applying a constant step of 50 µm. They were carried out in the central and/or anterior 182 
parts of each shell (see Fig. 3 for an example of transect in N. nigricans), with a 183 
distance of 6 mm (N. nigricans) to 17 mm (M. venosa) between them, depending on 184 
the shell size. The number of analyses was determined by the shell thickness and 185 
converted into relative distance to have the best comparison between transects, i.e. 0% 186 
represents the outermost part of the shell and 100% the innermost. In some cases, the 187 
different shell layers could not be analysed due to their low thickness compared to the 188 
spot size of the ion microprobe or laser ablation measurements. Moreover, as it was 189 
shown by previously studies (Parkinson et al, 2005; Brand et al, 2015; Romanin et al, 190 
2018; Ye et al, 2019) that there are no significant differences between ventral and 191 
dorsal valves, the profiles were not performed in all ventral and dorsal valves. The 192 
analysed transects were later observed under SEM to assign each spot to a specific 193 
shell layer.  194 
 195 
2.3.2. Conventional bulk technique 196 
Oxygen isotopic compositions of brachiopod shells were analysed by 197 
conventional bulk technique, in order to check the accuracy of the δ18O values 198 
measured with the ion microprobe. For this, the anterior part of the other half of each 199 
shell (Fig. 2) was sampled using a Merchantec MicroMill (New Wave Research). The 200 
different shell layers were micromilled until obtaining around 30 µg of powder. The 201 
primary layer was first sampled by carving lines at the surface with a depth of around 202 
30 µm. In two-layered shells, the secondary layer was drilled. In the case of L. 203 
neozelanica, as the secondary and tertiary layers are often intercalated (Fig. 4), the 204 
powder was a mixture of tertiary and secondary layers. For G. vitreus, lines were 205 
performed in the central part to obtain mainly the tertiary layer. Calcite powders were 206 
then reacted with 100% phosphoric acid at 25ºC and measured by a Gas Bench 207 
coupled to a Thermo Finnigan DELTA Plus XP isotope ratio mass spectrometer at 208 
IPGP, France.  δ18O and δ13C data are presented in Table 3. The average of the ion 209 
probe δ18O values of the anterior transects of each sample was compared to the bulk 210 
value and the values were adjusted. Depending on the analytical session, an offset 211 
from 0.84 to 4.44‰ between the ion probe and bulk analyses was observed, similar to 212 
the offset reported by Kolodny et al. (2003), Cusack et al. (2012) and Juillet-Leclerc 213 
et al. (2018). The causes of this offset are not determined yet. Nevertheless, the 214 
difference of δ18O values between the primary and secondary layers was in agreement 215 
with the two techniques, giving confidence to the intra-shell variability measured with 216 
the ion microprobe technique. 217 
 218 
2.4. Elemental measurements by LA-ICP-MS 219 
Chemical composition (Li, Na, Mg, Al, Ca and Sr) was analysed with an 220 
Analyte G2 Excimer laser ablation system (193 nm), coupled to a quadrupole Agilent 221 
7900 ICP-MS (LA-ICP-MS). It was operated at a repetition rate of 5 Hz and an 222 
energy fluence of 3.37 Jxcm-2.  Samples were analysed using a laser spot of 50µm 223 
diameter and each measurement consisted of 60 seconds with a measurement of the 224 
background (gas blank) of 30 seconds. The isotopes 7Li, 23Na, 24Mg, 25Mg, 27Al, 43Ca, 225 
44Ca, and 88Sr were monitored. 27Al was collected to check any contamination by clay 226 
minerals that could shift Mg/Ca values upwards (Barker et al., 2003). One run 227 
comprised 10 to 20 analyses, depending on the shell thickness of the sample. Due to 228 
the thickness of the primary layer relative to the laser spot size, it was not always 229 
possible to analyse it, as for example for Gryphus vitreus. 230 
Measurements of NIST glass standards 610 and 612 were acquired before and after 231 
each run. The use of NIST glasses as standards for carbonate analyses was shown 232 
suitable and not subject to matrix effects (e.g. Sylvester, 2008). Raw counts were 233 
processed using IOLITE software with NIST glasses used for calibrating the elements 234 
and 43Ca as an internal standard. The overall precision (RSD, Relative Standard 235 
Deviation) of elemental ratios (TE/Ca), based on repeated measurements of NIST 612 236 
glass, was calculated by adding the errors of the specific element (σx) and the error of 237 
Ca (σCa), as RSD=( σx2+ σCa2)1/2, and was 14% for Li/Ca, 7% for Na/Ca, 4% for 238 
Mg/Ca and 2% for Sr/Ca.  239 
 240 
3. Results 241 
 242 
3.1. Shell microstructure 243 
Shells of rhynchonelliform brachiopods comprise up to three calcite layers 244 
(Williams, 1966): the outer primary layer, made by acicular calcite, the secondary 245 
fibrous layer and sometimes a tertiary columnar layer (e.g. Williams, 1997; 246 
Griesshaber et al., 2005; Immenhauser et al., 2016). The three different shell 247 
microstructures can be observed under SEM (Fig. 4). In all brachiopod species, a thin 248 
outer primary layer of ~20µm thickness, made of finely acicular and granular calcite 249 
was observed. Adjacent to the outer primary layer, a secondary layer made by calcite 250 
fibres forms the majority of the shells, except for G. vitreus specimens. The thickness 251 
of the secondary layer varies between species and specimens, from 0.3 to 1.4 mm. A 252 
tertiary layer made of columnar calcite is developed in L. neozelanica and G. vitreus 253 
(Fig. 4c). In G. vitreus, the shell consists almost exclusively of tertiary layer, while in 254 
some areas of the L. neozelanica shell, the production of the tertiary layer is reverted 255 
into secondary layer again (Fig. S2). Endopunctae - characteristic perforations of the 256 
shell - were also evident in the secondary layer of terebratulid brachiopods (Fig. 4a), 257 
whereas they were absent in the rhynchonellid N. nigricans (Fig. 4b), as expected 258 
(e.g. Perez-Huerta et al., 2009). 259 
 260 
3.2 Geochemical compositions of brachiopod shell microstructure 261 
Carbon isotopic compositions are between -1.8 and 2.8‰, depending on the 262 
species (Table 3). These values are in agreement with Brand et al (2015). Values of 263 
δ13C of G. vitreus (between 2.7 and 2.8‰) seem to plot in the equilibrium field as 264 
defined by Brand et al (2015). The δ13C values of the other species vary between 265 
individuals (Table 3). This could be due to incorporation of carbon in disequilibrium 266 
from transition zone calcite as defined by Brand et al (2015). 267 
All SIMS δ18O and minor and trace element values are listed in the 268 
supplementary tables. Transects were performed in the central and anterior parts (Fig. 269 
3) and throughout the different microstructures from the outermost to the innermost 270 
shell. 271 
 272 
3.2.1. Primary layer (PL) 273 
 In terebratulid brachiopods, the primary layer is generally depleted in 18O 274 
relative to the secondary and tertiary layers (Fig. 5), as previously reported (e.g. 275 
Carpenter and Lohmann, 1995; Auclair et al., 2003; Parkinson et al., 2005; Cusack et 276 
al., 2012). The variability within the primary layer is as high as 2.5‰, in agreement 277 
with Auclair et al. (2003) and Carpenter and Lohmann (1995). In T. transversa, δ18O 278 
values of the primary layer range from -5.7 ± 0.2‰ (dorsal valve of specimen D501L) 279 
to -3.2 ± 0.2 (ventral valve of D500L), even if the majority of the δ18O values of the 280 
primary layer are around -3‰. In M. sanguinea and C. inconspicua, collected at the 281 
same location, it ranges from -4.2 ± 0.2‰ to -1.0 ± 0.4‰ (DS402L) and from -3.9 ± 282 
0.4‰ to -3.2 ± 0.4‰ (DS419L). In the primary layer of M. venosa, δ18O values are 283 
between -5.6 ± 0.2‰ (ventral valve of MV05) and -2.3 ± 0.2‰ (dorsal valve of 284 
MV17). In the rhynchonellid brachiopod N. nigricans, the primary layer is not as 285 
depleted in 18O as in terebratulid brachiopods. The intrashell variability is less 286 
pronounced, with δ18O values between -1.0 ± 0.3‰ (DS429L) and 0.7 ± 0.2‰ 287 
(DS430L). δ18O values of the primary layer of three-layered brachiopods are -3.8 ± 288 
0.3‰ in L. neozelanica and from -2. ± 0.2‰ (ventral valve of GV47) to 0.5 ± 0.2‰ 289 
(dorsal valve of GV47) in G. vitreus.  290 
 Elemental ratios of the primary layer are generally higher than in secondary 291 
and tertiary layers (Fig. 6). In rhynchonelliform brachiopods, the higher content of 292 
trace elements in the primary layer is well known (England et al., 2006; Cusack and 293 
Williams, 2007; Perez-Huerta et al., 2008). However, the enrichment is more 294 
pronounced in the rhynchonellid N. nigricans than in terebratulid species (Fig. 6).  295 
 In the primary layer, Li/Ca values range from 27.8 ± 3.5 to 36.5 ± 5.5 296 
µmol/mol in T. transversa, from 31.9 ± 5.3 µmol/mol to 33.8 ± 5.6 µmol/mol in M. 297 
sanguinea, 38.6 ± 5.8 µmol/mol in C. inconspicua, from 36.1 ± 5.3 to 55.5 ± 6.1 298 
µmol/mol in M. venosa, from 35.9 ± 5.3 to 36.5 ± 5.6 µmol/mol in L. neozelanica, 299 
from 33.1 ± 6.1 µmol/mol to 43.5 ± 5.4 µmol/mol in G. vitreus and from 36.8 ± 4.7 to 300 
41.9 ± 5.0 µmol/mol in N. nigricans.  301 
 Na/Ca values in T. transversa are between 10.2 ± 0.4 and 14.0 ± 0.3 302 
mmol/mol, in M. sanguinea between 13.8 ± 0.3 and 14.3 ± 0.4 mmol/mol, in C. 303 
inconspicua is 17.6 ± 0.6 mmol/mol, in M. venosa between 15.5 ± 0.5 and 15.6 ± 0.3 304 
mmol/mol, in L. neozelanica between 12.6 ± 0.3 mmol/mol and 22.6 ± 1.5 mmol/mol, 305 
in G. vitreus is between 14.4 ± 0.3 mmol/mol and 18.3 ± 0.4 mmol/mol and in N. 306 
nigricans between 15.0 ± 0.3 mmol/mol and 16.3 ± 0.3 mmol/mol.  307 
 Mg/Ca values in the primary layer range from 5.1 ± 0.1 to 10.2 ± 0.5 308 
mmol/mol in T. transversa, from 10.3 ± 0.3 to 11.3 ± 0.4 mmol/mol in M. sanguinea, 309 
15.6 ± 0.6 mmol/mol in C. inconspicua, from 5.3 ± 0.1 to 9.8 ± 0.2 mmol/mol in M. 310 
venosa, from 15.6 ± 0.4 to 24.6 ± 0.7 mmol/mol in L. neozelanica, from 15.4 ± 0.3 to 311 
39.8 ± 0.6 mmol/mol in G. vitreus and from 19.1 ± 0.3 to 21.3 ± 0.5 mmol/mol in N. 312 
nigricans.  313 
 Finally, Sr/Ca values in T. transversa are between 1.54 ± 0.05 and 1.85 ± 0.08 314 
mmol/mol, in M. sanguinea between 1.70 ± 0.04 and 1.71 ± 0.06 mmol/mol, in C. 315 
inconspicua is 2.35 ± 0.08 mmol/mol, in M. venosa between 1.80 ± 0.03 and 3.30 ± 316 
0.07 mmol/mol, in L. neozelanica between 1.76 ± 0.04 and 1.79 ± 0.05 mmol/mol, in 317 
G. vitreus between 1.39 ± 0.04 and 1.99 ± 0.03 mmol/mol and in N. nigricans 318 
between 1.68 ± 0.06 and 1.94 ± 0.04 mmol/mol. 319 
 320 
3.2.2. Secondary layer (SL) 321 
 3.2.2.1. Oxygen isotopic compositions 322 
 As shown in Figure 5, the oxygen isotopic composition of the fibrous 323 
secondary layer of modern brachiopod shells showed a typical pattern towards heavier 324 
isotopic composition from the outermost to the innermost part of the shell, reaching a 325 
plateau in the innermost regions, as observed by Cusack et al. (2012). This shell layer 326 
displays the highest degree of δ18O variability, particularly in terebratulid brachiopods 327 
(up to 5‰), in agreement with previous studies (e.g. Auclair et al., 2003; Yamamoto 328 
et al., 2011; Cusack et al., 2012). Generally, no change in the oxygen isotopic 329 
composition between central and anterior transects is observed, but some specimens 330 
displayed a difference in the variability of δ18O values between ventral and dorsal 331 
valves (e.g. M. sanguinea, Fig. 5b). As in Cusack et al. (2012), rhynchonellid 332 
brachiopods (N. nigricans) record the highest δ18O at earlier ontogenetic stages than 333 
terebratulid brachiopods, resulting in a δ18O plateau in most of the shell thickness 334 
(Fig. 5d). 335 
δ18O values of the secondary layer in the species T. transversa range from -2.6 336 
± 0.1‰ in the outermost part to 0.7 ± 0.1‰ in the innermost part in the ventral valve 337 
of D500L; from -3.6 ± 0.2‰ to -0.8 ± 0.2‰ in D501L and from -3.8 ± 0.4‰ to 0.2 ± 338 
0.4‰ in the ventral valve of D504L. Thus, in T. transversa, the overall variability in a 339 
δ18O profile in the secondary layer is between 1.6‰ and 4‰, depending on the 340 
specimen and valve studied. In M. sanguinea, δ18O values range from -3.1 ± 0.2‰ to 341 
1.3 ± 0.1‰ in DS401L, while it ranges from -2.0 ± 0.2‰ to 2.3 ± 0.4‰ in DS402L, 342 
respectively. In DS403L, it ranges between -1.1 ± 0.2‰ and 0.9 ± 0.2‰, and in 343 
DS404L between -0.7 ± 0.2‰ and 1.9 ± 0.2‰. The overall variability of δ18O in a 344 
profile of M. sanguinea is between 1.8‰ and 4.3‰. δ18O values of the secondary 345 
layer in C. inconspicua have an overall variability of 4‰ and range from -1.7 ± 0.4‰ 346 
to 2.3 ± 0.4‰. In the brachiopod species M. venosa, the oxygen isotopic composition 347 
of the secondary layer increases as much as 4.3‰ from the outermost towards the 348 
innermost regions and ranges between -3.9 ± 0.2‰ and 0.5 ± 0.2‰, in MV05 and 349 
from -3.1 ± 0.2‰ to 0.9 ± 0.2‰ in MV17.  350 
 In N. nigricans, oxygen isotopic values of the secondary layer in DS428L 351 
range from -0.3 ± 0.4‰ to 1.9 ± 0.4‰. In DS429L, δ18O values range from -2.1 ± 352 
0.2‰ to 2.1 ± 0.3‰ and in DS430L from -0.2 ± 0.2‰ to 2.0 ± 0.2. Thus, in 353 
rhynchonellid brachiopods, δ18O values in the innermost regions are similar between 354 
specimens, while the lowest values in the outermost regions could differ up to 2‰. 355 
δ18O variability within a profile is around 2.2‰ in DS428L and DS430L, and 4‰ in 356 
DS429L.  357 
 Although L. neozelanica is a three-layered shell, the δ18O pattern of the 358 
secondary layer shows the same trend as for the two-layered shell species, with an 359 
increase of δ18O values from the outermost to the innermost part and a pronounced 360 
variability in the secondary layer, from -4.4 ± 0.3‰ in the outermost to -0.3 ± 0.3‰ 361 
in the innermost part of this shell microstructure (Fig. 5e). In G. vitreus, the tertiary 362 
layer forms most of the shell thickness (Fig. 5f). Nevertheless, the same trend in the 363 
secondary layer is observable in transects performed in the anterior part of the shell 364 
(Table 1). δ18O values in this species are between 0.5 ± 0.2‰ and 1.9 ± 0.2‰ in 365 
GV13, between -3.6 ± 0.2‰ and 2.6±0.2‰ in GV47 and range from -0.8 ± 0.2‰ to 366 
1.6 ± 0.3‰ in GV78. 367 
 368 
 3.2.2.2. Elemental compositions 369 
 The distribution of lithium, sodium and strontium follows a characteristic 370 
trend towards lower content from the outermost to the innermost region (Fig. 6). The 371 
same trend was described by Perez-Huerta et al. (2008) for magnesium and strontium 372 
in the terebratulid brachiopods T. transversa and Terebratulina retusa (Linnaeus, 373 
1758). Li/Ca, Na/Ca and Sr/Ca values reported here are similar to those previously 374 
reported for modern brachiopod shells (e.g. Delaney et al., 1989; Lee et al., 2004; 375 
Perez-Huerta et al., 2008; Butler et al., 2015; Ullmann et al., 2017; Romanin et al., 376 
2018). 377 
 In T. transversa, Li/Ca values are between 21.5 ± 4.5 and 63.2 ± 4.5 378 
µmol/mol, in M. sanguinea between 21.2 ± 4.4 µmol/mol and 39.7 ± 5.2 µmol/mol, in 379 
C. inconspicua between 26.0 ± 4.4 µmol/mol and 29.8 ± 4.5 µmol/mol, in M. venosa 380 
between 19.2 ± 4.8 and 43.0 ± 5.1 µmol/mol, in L. neozelanica between 21.5 ± 5.3 381 
and 35.6 ± 5.4 µmol/mol, in G. vitreus Li/Ca between 15.2 ± 5.0 µmol/mol and 38.2 ± 382 
5.6 µmol/mol and in N. nigricans between 27.1 ± 4.5 and 46.3 ± 4.5 µmol/mol.  383 
 In the secondary layer of T. transversa, Na/Ca ratio varies from 3.7 ± 0.1 to 384 
11.5 ± 0.3 mmol/mol, in M. sanguinea from 6.9 ± 0.1 to 12.4 ± 0.3 mmol/mol, In C. 385 
inconspicua from 8.5 ± 0.2 to 12.0 ± 0.3 mmol/mol, in M. venosa, from 7.5 ± 0.2 to 386 
13.2 ± 0.2 mmol/mol, in L. neozelanica from 6.8 ± 0.2 to 12.1 ± 0.3 mmol/mol, in G. 387 
vitreus from 6.8 ± 0.2 to 12.4 mmol/mol and in the rhynchonellid N. nigricans from 388 
9.1 ± 0.2 to 14.9 ± 0.3 mmol/mol. 389 
 Sr/Ca values are between 0.94 ± 0.02 mmol/mol and 1.55 ± 0.04 mmol/mol in 390 
T. transversa, 1.06 ± 0.02 and 1.54 ± 0.04 mmol/mol in M. sanguinea, 1.12 ± 0.02 391 
and 1.45 ± 0.04 in C. inconspicua, 1.05 ± 0.02 and 2.03 ± 0.07 mmol/mol in M. 392 
venosa, 0.99 ± 0.03 and 1.43 ± 0.04 mmol/mol in L. neozelanica, 0.88 ± 0.08 and 1.33 393 
± 0.03 mmol/mol in G. vitreus and 0.89 ± 0.04 and 1.50 ± 0.04 mmol/mol in N. 394 
nigricans. 395 
In the secondary layer, the Mg/Ca ratio shows the highest variability compared 396 
to the other elements measured. Generally, there is a decrease at the boundary 397 
between the primary and the secondary layer and then a plateau across the thickness 398 
of the secondary layer (Fig. 6h). However, in T. transversa, M. sanguinea and C. 399 
inconspicua, there is also an increase when reaching the innermost part (Fig. 6g), 400 
which is contrary to the trend described by Perez-Huerta et al. (2008). The magnitude 401 
of Mg/Ca values agrees with previous studies on modern brachiopod shells (England 402 
et al., 2006; Perez-Huerta et al., 2008; Brand et al., 2013; Butler et al., 2015; Ullmann 403 
et al., 2017). In T. transversa, Mg/Ca values range from 3.7 ± 0.1 to 16.2 ± 0.4 404 
mmol/mol, in M. sanguinea from 4.5 ± 0.1 to 15.7 ± 0.4 mmol/mol, in C. inconspicua 405 
from 4.5 ± 0.1 to 11.0 ± 0.3 mmol/mol, in M. venosa from 2.2 ± 0.04 to 5.2 ± 0.1, in 406 
L. neozelanica from 8.0 ± 0.3 to 26.0 ± 0.7 mmol/mol, in G. vitreus from 10.2 ± 0.2 407 
mmol/mol to 17.1 ± 0.4 and in N. nigricans from 8.0 ± 0.2 to 12.9 ± 0.2 mmol/mol. 408 
 409 
3.2.3. Tertiary layer (TL) (G. vitreus and L. neozelanica) 410 
3.2.3.1. Oxygen isotopic compositions 411 
 The tertiary layer has always the highest δ18O values compared to the oxygen 412 
isotopic compositions of the primary and secondary layers. Our values are within the 413 
same range of δ18O values from Romanin et al. (2018) for L. neozelanica and G. 414 
vitreus. Moreover, the δ18O values are the least variable along the profile, contrary to 415 
the variability observed in the secondary layer (Fig. 5e and 5f). For L. neozelanica, 416 
δ18O values vary within ≈1‰, from 0.7 ± 0.3‰ to 1.7 ± 0.3‰. In G. vitreus, the δ18O 417 
variability depends on the specimen analysed, ranging between 1.2 and 1.8‰. In 418 
GV13, δ18O values are from 1.4 ± 0.2‰ to 3.2 ± 0.2‰, in GV47, from 1.7 ± 0.2‰ to 419 
2.9 ± 0.2‰ and in GV78, from 1.6 ± 0.3‰ to 3.3 ± 0.3‰. 420 
 421 
3.2.3.2. Elemental ratios 422 
 For all the elements measured in the tertiary layer, except Mg, there is a sharp 423 
decrease in the values compared to the contents in the primary and secondary layers 424 
(Fig. 6), as observed by Romanin et al. (2018) in G. vitreus. In the case of Mg/Ca, it is 425 
generally depleted, but there are some innermost regions where Mg/Ca increases up to 426 
≈23 mmol/mol (see supplementary Table 2). In this shell fabric, as for the δ18O, the 427 
values of all the trace element ratios, except for Mg/Ca, are less variable throughout 428 
the profile In G. vitreus, Li/Ca values range from 8.6 ± 1.7 to 11.3 ± 1.7 µmol/mol in 429 
the ventral valve and from 9.7 ± 1.4 to 16.2 ± 1.5 µmol/mol in the dorsal valve, 430 
whereas in L. neozelanica, it ranges from 3.9 ± 4.9 to 4.4 ± 4.8 in the ventral valve 431 
and from 12.3 ± 3.5 to 14.7 ± 3.6 µmol in the dorsal valve. Na/Ca values are between 432 
1.9 ± 0.1 mmol/mol and 4.6 ± 0.1 mmol/mol in G. vitreus, while they are between 1.9 433 
± 0.1 and 3.6 ± 0.1 mmol/mol in L. neozelanica. Mg/Ca ratio varies from 1.76 ± 0.03 434 
mmol/mol to 26.0 ± 0.1 mmol/mol in G. vitreus and from 1.7 ± 0.05 mmol/mol and 435 
9.0 ± 0.2 mmol/mol in L. neozelanica. Sr/Ca values in G. vitreus range from 0.55 ± 436 
0.01 mmol/mol to 0.74 ± 0.01 mmol/mol and L. neozelanica from 0.57 ± 0.01 437 
mmol/mol to 0.74 ± 0.01 mmol/mol. 438 
 439 
4. Discussion 440 
 441 
4.1. Isotopic and elemental ratios equilibrium  442 
 In order to assess if brachiopod calcite is precipitated in oxygen isotopic 443 
equilibrium with surrounding seawater, we calculated the δ18O equilibrium field using 444 
various temperature calibrations (δ18O-T) determined for inorganic calcite, as well as 445 
for biogenic carbonates (Epstein et al., 1953; O’Neil et al., 1969; Anderson and 446 
Arthur, 1983; Kim and O’Neil, 1997; Brand et al., 2013; Watkins et al., 2013). Then, 447 
we compared this equilibrium field with the δ18O measured in shells for each 448 
brachiopod species (Fig. 7). The equilibrium values were calculated using the range of 449 
temperature and the δ18Osw at the site of collection (Table 1) and correcting for Mg 450 
concentrations for the equation of Brand et al. (2013). The calibration of Watkins et 451 
al. (2013) gives the highest δ18O equilibrium range, with an enrichment of ≈1.5‰ 452 
compared to the previously published calibration equations (Epstein et al., 1953; 453 
O’Neil et al., 1969; Anderson and Arthur, 1983; Kim and O’Neil, 1997; Brand et al., 454 
2013). The highest δ18O values, found in the tertiary layer (Fig. 7e,f), are in agreement 455 
with the equilibrium range determined from the equation of Watkins et al. (2013) for 456 
inorganic calcite. As also found by Ullman et al. (2017) and Bajnai et al. (2018), the 457 
equation defined by Watkins et al. (2013) seems to reflect the equilibrium δ18O values 458 
for inorganic calcite much better. 459 
 To compare the elemental ratios of modern brachiopod shells with equilibrium 460 
values for calcite precipitated inorganically, we defined the parameter Eb-ic, as 461 
follows: 462 
 = 	
                                            (. 1) 463 
where DX is the partition coefficient (the ratio of minor and trace element-464 
MTE/Ca between calcite and seawater) of element X in the brachiopod calcite, and 465 
KdX is the equilibrium partition coefficient of the same element for calcite precipitated 466 
inorganically. KdX values were taken from Okumura and Kitano (1986) for Na/Ca 467 
(KdNa = 0.0002), Oomori (1987) for Mg/Ca (KdMg = 0.01 at 10°C and 0.015 at 15°C), 468 
Marriot et al. (2004) for Li/Ca (KdLi = 0.0063 at 10°C and 0.0078 at 15°C) and 469 
DePaolo (2011) for Sr/Ca (KdSr = 0.07). The values were selected since they comply 470 
with the temperature at the collection site. By definition, values of Eb-ic in equilibrium 471 
are equal to one, and if the values are greater or lesser than one, the incorporation of 472 
the element is above or below equilibrium, respectively.  473 
 474 
4.2. The primary layer 475 
As observed in previous studies (e.g. Carpenter and Lohmann, 1995; Auclair 476 
et al., 2003; Parkinson et al., 2005; Penman et al., 2013; Rollion-Bard et al., 2016), 477 
the primary layer is almost always in oxygen isotopic disequilibrium relative to 478 
seawater, with values depleted in 18O (Fig. 5, supplementary Table 1). Based on the 479 
correlation between δ13C and δ18O values in the primary and secondary layers, this 480 
depletion has been ascribed to kinetic fractionation effects (e.g. Carpenter and 481 
Lohmann, 1995; Auclair et al., 2003; Parkinson et al., 2005). However, δ26Mg 482 
measurements challenged this explanation (Rollion-Bard et al., 2016), because the 483 
δ26Mg values are equivalent between the primary and secondary layers, and close to 484 
the magnesium isotopic equilibrium field. It was then suggested that the 18O-depletion 485 
could be due to precipitation via amorphous calcium carbonate (ACC) precursors, as 486 
proposed by Griesshaber et al. (2009), Cusack et al. (2010), Goetz et al. (2011) and 487 
Gaspard and Nouet (2016). ACCs are known to be a precursor phase for the 488 
precipitation of calcium carbonate in numerous biogenic carbonates such as the 489 
centres of calcification in corals, sea urchins and molluscs (e.g. Hasse et al., 2000; 490 
Weiss et al., 2002; Baronnet et al., 2008; Jacob et al., 2008; Vidavsky et al., 2016; 491 
Mass et al., 2017). The use of ACC in biominerals as a transient precursor phase is 492 
common because this type of calcium carbonate is easily formed and shaped by an 493 
organic template (Raz et al., 2002; Weiss, 2003). In the case of the brachiopod 494 
primary layer, ACCs seem to be the precursors to the initial formation of crystallites 495 
during the production of new calcite fibres (Griesshaber et al., 2009).  496 
 In the primary layer, all the element data are above equilibrium values (Fig. 6), 497 
with an abrupt decrease at the boundary between the primary and the secondary 498 
layers. In rhynchonelliform brachiopods, the higher content of Mg/Ca and Sr/Ca in 499 
the primary layer is well known (e.g. Cusack and Williams, 2007; England et al., 500 
2006; Perez-Huerta et al., 2008) and has been ascribed to physiological and/or 501 
precipitation rate effects. However, as with δ18O values, the higher element content is 502 
likely due to the formation of the primary layer via ACC precursors. The exact 503 
pathway of transformation from ACC to calcite or aragonite is still not clear. In vitro 504 
studies advocate a transformation via dissolution and reprecipitation (Blue et al, 2017; 505 
Giuffre et al, 2015; Wolf et al, 2008), whereas in vivo observations tend to show a 506 
solid-state process via dehydration and rearrangement of the structure (Politi et al, 507 
2008; Weiner and Addadi, 2011). These two pathways would likely have different 508 
influence on the resulting geochemical signature of the biocarbonates. As there is no 509 
consensus yet, we can only speculate on the possible influence of ACC precursors. 510 
Many biocarbonates present the same pattern, i.e. finely acicular and 511 
microgranular calcite depleted in 18O and 13C, while enriched in some elements. It is, 512 
for example, the case for centres of calcification (CoC) in corals (e.g. Adkins et al., 513 
2003; Rollion-Bard et al., 2003, 2010; Meibom et al., 2004; Gagnon et al., 2007; 514 
Robinson et al., 2014; Rollion-Bard and Blamart, 2014), primary calcite of 515 
foraminifera (e.g. Erez, 2003; Bentov and Erez, 2006; Rollion-Bard et al., 2008) and 516 
here primary calcite of brachiopods. Mass et al. (2017) observed that the CoCs are 517 
formed via ACC. This transient phase was not yet observed in foraminifera or in 518 
brachiopods, but the similitude, both in textural appearance and in geochemical 519 
signatures, could be interpreted as the precipitation of primary calcite via ACC. Mg2+ 520 
is known to be a key ion controlling the stabilization of the ACC by inhibiting the 521 
crystallization of CaCO3 (Politi et al., 2009), thus increasing the Mg content 522 
(Mavromatis et al., 2017). This agrees with the high Mg content in amorphous phases 523 
relative to the aragonite and vaterite found in bivalves (Jacob et al., 2008). In the case 524 
of Sr, the uptake has also been shown to be enhanced during ACC transformation, due 525 
to the rapid crystal growth during the ACC transformation into calcite crystallites 526 
(Littlewood et al., 2017). 527 
 528 
4.3. The secondary layer 529 
 The secondary layer displays the highest variability in δ18O values (up to 5‰) 530 
and in elemental ratios. In all the specimens investigated, there is a common trend for 531 
δ18O and elemental ratios, reaching a plateau termed “equilibrium zone” by Perez-532 
Huerta et al. (2008), in the innermost part of the secondary layer. Here, we will use 533 
the term “plateau zone” to refer to this stable geochemical part of the secondary layer, 534 
to avoid the perception that the precipitation is in isotopic or elemental equilibrium. 535 
The common pattern and the high variability concerning the geochemical 536 
composition of the secondary layer cannot be only explained by variations of the 537 
external environmental parameters, (e.g. temperature and salinity). For example, the 538 
annual average temperature range at the site of collection is 4°C for T. transversa, 539 
6°C for M. sanguinea, C. inconspicua and N. nigricans and 3.5°C for M. venosa, and 540 
thus can only explain a δ18O variation between 0.8 and 1.3‰, considering a δ18O-T 541 
dependence of -0.22‰/°C (Epstein et al., 1953). The δ18O variation due to salinity 542 
change according to the δ18O-salinity relationship established by Gillikin et al (2005) 543 
for Pudget Sound and by Delaygue et al (2000) for the other collecting sites, leads to a 544 
variation of 0.3‰ for T. transversa, 1.6‰ for M. sanguinea, C. inconspicua and N. 545 
nigricans and of 0.1‰ for M. venosa. Consequently, the geochemical variability of 546 
the secondary layer must be explained by some additional physiological effects 547 
controlling the δ18O and elemental composition of the brachiopod secondary layer. 548 
The possible causes could be: (1) Rayleigh fractionation, (2) variation of pH of the 549 
fluid of calcification and (3) kinetic effects.  550 
 (1) Rayleigh fractionation has been proposed to explain the variability of 551 
different elemental ratios in biocarbonates as foraminifera and corals (Elderfield et al., 552 
1996; Cohen et al., 2006; Gagnon et al., 2007). As we observe in the Figure 8, there is 553 
a covariation between Sr/Ca and Na/Ca, which could be caused by Rayleigh 554 
fractionation. To test this hypothesis, we performed a theoretical Rayleigh 555 
fractionation model. For this, we chose the example of T. transversa measurements 556 
for Sr/Ca and Na/Ca ratios (Fig. S3), as it is the species with the highest number of 557 
analyses. Four possible scenarios were investigated. In the scenario (i), the initial fluid 558 
has Na/Ca and Sr/Ca content similar to that of seawater, i.e. Na/Ca = 45.9 mol/mol 559 
and Sr/Ca = 8.6 mmol/mol, and partition coefficients of inorganic calcite (DNa = 560 
0.0002, Okumura and Kitano, 1986; and DSr = 0.07, DePaolo, 2011). In the scenario 561 
(ii), the initial fluid is the seawater, but the partition coefficients are calculated to have 562 
the same initial element content as in brachiopod calcite (DNa = 0.00011 and DSr = 563 
0.11). In scenario (iii), partition coefficients are those for inorganic calcite, but the 564 
trend is estimated adjusting the elemental ratios of the initial fluid (Na/Ca = 32 565 
mol/mol and Sr/Ca = 12 mmol/mol). Applying the equation of Elderfield et al. (1996) 566 
for Rayleigh-type incorporation of elements, we observe that none of these scenarios 567 
reproduce the trend found in the brachiopod secondary layer (Fig. S3). To have the 568 
‘Best fit’ parameters to reproduce our trend, we applied in the scenario (iv) the 569 
method of Gagnon et al. (2007) by combining Na/Ca and Sr/Ca with the following 570 
equation: 571 
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As in Rollion-Bard and Blamart (2015), we calculate DSr from the slope of the 573 
log-log plot of the Sr/Ca-Na/Ca relationship (slope=0.37). Using DNa calculated from 574 
the lowest brachiopod Na/Ca value (Na/Ca=5.01mmol/mol, DNa=0.00011) and 575 
assuming that the fluid Na/Ca ratio is equivalent to seawater, it gives a value of 576 
DSr=0.63, which is 9 times higher than DSr of inorganic calcite, i.e. DSr=0.07. With 577 
DNa=0.00011, Na/Casw=45.9 mol/mol and the calculated DSr=0.63, Sr/Ca of the 578 
precipitating fluid is 1.48 mmol/mol. In this case, if Na/Ca is similar to seawater, then 579 
Sr/Ca of the calcifying fluid is very different from seawater, in the order of six times 580 
lower. In conclusion, Rayleigh fractionation is unlikely to be the mechanism 581 
responsible of the MTE  and δ18O variations in the secondary layer calcite. 582 
 (2) The pH can control the isotopic composition of oxygen during the 583 
precipitation of calcium carbonate (e.g. McCrea, 1950; Usdowski et al., 1991 584 
Usdowski and Hoefs, 1993; Zeebe, 1999, 2001, 2007). The relative proportions of the 585 
three dissolved carbonate species (H2CO3, HCO3-, CO32-) depend on the solution pH. 586 
As these carbonate species have different δ18O values (Usdowski and Hoefs, 1993; 587 
Kim and O’Neil, 1997; Zeebe and Wolf-Gladrow, 2001; Beck et al., 2005), it is 588 
assumed that the δ18O value of carbonate can be dependent of pH via the proportional 589 
incorporation of the different carbonate species. Internal pH has been determined by 590 
microelectrode measurements with the resulting value of ~ 7.8 (Jurikova et al., 2019). 591 
Another way to access this parameter is the measurements of δ11B, as δ11B of 592 
carbonates is a pH proxy (e.g. Vengosh et al., 1991; Hemming and Hanson, 1992). 593 
Penman et al. (2013) analysed the boron and oxygen isotopic compositions in the 594 
brachiopod shells of T. transversa and M. venosa. In T. transversa, a variability of 595 
1.25‰ in δ18O corresponds to a variability of 2‰ in δ11B, from 16.51‰ to 18.50 ‰. 596 
This variability in δ11B values in T. transversa corresponds to a pH variation of 0.2 597 
pH-units (from a pH of 8.10 to 8.30, using a pKB of 8.82, and δ11Bsw=39.61‰; 598 
Dickson, 1990; Millero, 1995; Foster et al., 2010). In M. venosa, there is essentially 599 
no δ18O variation (from 2.56 ‰ to 2.53 ‰), but the δ11B values change by 2.85‰, 600 
from 14.76‰ to 17.61‰, corresponding to a pH variation of 0.3 pH-unit (pH from 601 
7.86 to 8.16). For this brachiopod, the δ11B variability combined with the stability of 602 
δ18O signal is indicative that pH changes have occurred within the shell but did not 603 
lead to differences in the oxygen isotopic composition. Therefore, changes in the 604 
internal pH seem not responsible for the variation in the oxygen isotopic composition 605 
of the secondary layer of modern brachiopod shells.  606 
Changes on the incorporation of elements throughout the secondary shell layer 607 
due to pH are also unlikely. In Penman et al. (2013), it is shown that the highest 608 
values of δ11B are in the mid-part of the secondary layer, corresponding to the highest 609 
pH of 8.16, while in the outermost and innermost secondary layers a drop in δ11B 610 
occurs indicating lower pH values down to 7.86. So pH does not covary with the trend 611 
of elemental ratios in the secondary layer (Fig S4). This assumption, however, has to 612 
be verified by measuring both δ11B and elements by in situ techniques. In the case of 613 
Na/Ca and Mg/Ca, this is also supported by inorganic calcite experiments, where the 614 
uptake of Na/Ca and Mg/Ca is independent of pH in the range of pH 7.38-10.60 and 615 
6.8-9, respectively (Ishikawa and Ichikuni, 1984; Hartley and Mucci, 1996). Although 616 
we do not observe any trend concerning pH and Mg/Ca, the assertion that Mg/Ca is 617 
independent on the pH has to be taken carefully, because in Mavromatis et al. (2013), 618 
the Mg/Ca ratio is dependent on the saturation state (Ω), a parameter that is directly 619 
related to the pH of the solution. 620 
 (3) Kinetic effects are often thought to cause the depletion in 18O of the 621 
precipitated carbonate (McConnaughey, 1989a,b; McConnaughey et al., 1997; Zeebe 622 
and Wolf-Gladrow, 2001; Auclair et al., 2003; Rollion-Bard et al., 2003, 2011). They 623 
occur because during the CO2 hydration and hydroxylation reactions, the bicarbonate 624 
ions do not have the time to equilibrate with H2O in the calcifying fluid. Even if the 625 
link between the calcification rate and the growth rate is not straightforward, it seems 626 
that the magnitude of the kinetic fractionation effect changes during brachiopod 627 
lifetime. Brachiopod shells grow from the posterior towards the anterior part and from 628 
the exterior towards the interior (Ye et al., 2018), having its highest growth rates at 629 
the early stages of their life (e.g. Paine, 1969; Auclair et al., 2003; Yamamoto et al., 630 
2013). This implies that fibres from the posterior and outermost secondary layer were 631 
precipitated when the brachiopod was at its juvenile stage showing rapid growth. This 632 
part corresponds to the highest depletion in 18O relative to equilibrium (Fig. 5), as 633 
expected from theoretical kinetic consideration (McConnaughey, 1989a; Zeebe and 634 
Wolf-Gladrow, 2001; Auclair et al., 2003; Rollion-Bard et al., 2003, 2011). The same 635 
holds for the calcite fibres of the innermost and anterior regions, which were 636 
deposited in the most mature stages of the brachiopod life with slow growth rates 637 
(Paine, 1969; Auclair et al., 2003; Ye et al., 2018) and thereby are less affected by 638 
kinetic fractionation effects. 639 
 The overall profile of lithium, sodium and strontium distribution in the 640 
secondary layer can also be explained by kinetic effects. The higher element content 641 
in calcite due to kinetics has been theoretically explained by different mechanisms, 642 
such as the growth entrapment model, surface reaction model or the ion-by-ion model 643 
(Watson and Liang, 1995; Watson, 2004; DePaolo, 2011; Nielsen et al., 2012). Many 644 
experiments of inorganic calcite precipitated under controlled conditions showed that 645 
Sr/Ca ratios are dependent on calcification rates (i.e. Morse and Bender, 1990; 646 
Gabitov and Watson, 2006; Tang et al., 2008; Gabitov et al., 2014; Alkhatib and 647 
Eisenhauer, 2017). As DSr<1 in calcite, the Sr/Ca ratio increases with calcification 648 
rates (Mavromatis et al., 2013). This is also the case for the incorporation of Na+ into 649 
calcite in the laboratory experiment carried out by Busenberg and Plummer (1985). 650 
As the shell becomes more mature and precipitates calcite at slower rates in the 651 
innermost and anterior regions of the shells (Paine, 1969; Auclair et al., 2003), like 652 
with the oxygen isotopic composition, the Na/Ca and Sr/Ca ratios decrease until 653 
reaching the “plateau zone” in the innermost region. The fact that Sr/Ca is correlated 654 
with Na/Ca and the oxygen isotopic compositions in the secondary layer (Fig. 8) 655 
highlights once more the control of calcification rate on δ18O values, Na/Ca and Sr/Ca 656 
in the secondary layer of terebratulid brachiopods.  657 
 Lithium incorporation is positively correlated with calcification rates in 658 
aragonite precipitated inorganically (Gabitov et al., 2011). However, there is no study 659 
yet addressing the dependence between lithium incorporation and calcification rates 660 
into calcite, but if we assume the same dependence between calcite and aragonite, 661 
then the trend towards lower lithium content in the innermost regions can also be 662 
explained by kinetic effects.  663 
 Finally, since brachiopod species studied here precipitate low-Mg calcite 664 
shells (Lowenstam and Weiner, 1989), we can expect that Eb-ic values for magnesium 665 
are below 1. It is, indeed, the case because Eb-ic(Mg) is between 0.05 to 0.2 (Fig. 6), 666 
indicating that they incorporate five to twenty times less magnesium than calcite in 667 
equilibrium with ambient seawater. This is likely because of a physiological 668 
mechanism of Mg exclusion (Lowenstam, 1961; Lowenstam and Weiner, 1989; 669 
England et al., 2006; Perez-Huerta et al., 2008), as already observed in other 670 
calcifying organisms like foraminifera and bivalves (e.g. Lorens and Bender, 1977; 671 
Lea et al., 1999; Erez, 2003). The exclusion of Mg is probably due to its inhibition 672 
role on the nucleation and growth of calcite (i.e. Lippmann, 1973; Mucci and Morse, 673 
1983; Zhang and Dave, 2000). Moreover, we did not observe a trend towards lower 674 
values in the innermost regions, in contrast to the other elements, probably due to the 675 
strong biological control that the brachiopod exerts on this element. 676 
 677 
4.4 Tertiary layer 678 
 679 
 The tertiary layer has the highest δ18O values and the smallest overall 680 
variability compared to the other layers. The δ18O variations are in the order of 1‰ to 681 
1.5‰, in agreement with the temperature and salinity variation at the sites of 682 
collection. Moreover, this layer is within the equilibrium field of inorganic calcite 683 
using the equation of Watkins et al. (2013).  684 
 In the tertiary layer, we observe a strong depletion in Li/Ca, Na/Ca and Sr/Ca 685 
ratios relative to the primary and secondary layers. Grossman et al. (1996) also found 686 
the same depletion pattern in elements in the tertiary layer of Pennsylvanian fossil 687 
brachiopod shells (Crurithyris planoconvexa, Composita subtilita, Neospirifer 688 
dunbari and Neospirifer pattersoni). The Eb-ic. values are two times lower than in the 689 
secondary layer, ranging between 0.25 to 1.02 for Li/Ca, between 0.21 and 0.39 for 690 
Na/Ca and between 0.86 and 1.29 for Sr/Ca, depending on the brachiopod species. 691 
The lower element content in the tertiary layer can be explained by two scenarios. 692 
First, the differences in element contents between the secondary and tertiary 693 
layers can be due to contamination by organic matter. The secondary layer has higher 694 
organic content than the tertiary layer (MacKinnon and Williams, 1974; Goetz et al., 695 
2009; Ye et al., 2018). As Ca is a trace component in organic matter, any 696 
contamination should be detected in the signal intensity detected by the ICP-MS by a 697 
decrease in the number of counts of 43Ca. As the calcium signal intensity was at the 698 
same level for all the measurements, it is likely that organics do not affect the content 699 
of elements in the secondary layer.  700 
Second, it can reflect that either the partition coefficients of inorganic calcite 701 
are not well constrained, or that there is different fractionation for elements during the 702 
ionic transport through the cell membranes between shell microstructures. To our 703 
knowledge, there is only one study available for Na and Li incorporation into 704 
synthetic calcite (Okumura and Kitano, 1986; Marriott et al., 2004, respectively), 705 
while the incorporation of Sr into calcite has been extensively studied (i.e. Lorens, 706 
1981; Gabitov and Watson, 2006; Tang et al., 2008; Alkhatib and Eisenhauer, 2017). 707 
When comparing Li/Ca, Na/Ca and Sr/Ca with inorganic calcite, we observe that Li, 708 
Na and Sr in brachiopod calcite goes towards equilibrium values in the innermost 709 
regions of the secondary layer, and therefore, we assume that the innermost regions of 710 
the secondary layer are the portions in equilibrium with ambient seawater. Therefore, 711 
if the values of the partition coefficients are not the cause, it must be another 712 
mechanism accounting for the depletion of elements in the tertiary layer. The tertiary 713 
layer is produced when the organics that enclose the secondary layer fibres are not 714 
produced anymore, so the fibres lose their boundaries and coalesce into the tertiary 715 
layer prisms (MacKinnon and Williams, 1974; Williams, 1997). Therefore, this 716 
change in the secretory regime of the outer epithelial cells probably produces different 717 
fractionation of elements during the ionic transport through the cell membranes, 718 
leading to the depletion of elements in the tertiary layer.  719 
 720 
4.5. Elemental ratios: environmentally controlled? 721 
 The possible control of environmental parameters (temperature, salinity and 722 
pH) on the partition coefficients of Li, Na, Mg and Sr in the “plateau zone” secondary 723 
layer, i.e. innermost region, of terebratulid brachiopods is shown in Figure 9. Data 724 
relative to the significant (p<0.05) linear relationships and statistics are given in Table 725 
4. The relationships account only for the element values in the innermost secondary 726 
layer, i.e., the “plateau zone”, because we assume this is the region the closest to 727 
equilibrium with ambient seawater or fluid of calcification (Fig. 6).  728 
As proposed by Perez-Huerta et al. (2008) for the incorporation of Mg and Sr, 729 
differences in Eb-ic. between Mg/Ca and Sr/Ca in the "plateau zone" could be due to 730 
physiological control on the incorporation of elements. This is particularly evident for 731 
Mg/Ca ratios. Their relatively low values are probably due to the exclusion of Mg 732 
from the fluid of calcification via biological mechanism(s) like Mg2+/Na+ antiporters 733 
or Mg2+-ATPase (e.g. Zeebe and Sanyal, 2002). However, the exclusion of Mg 734 
apparently does not restrict the use of Mg in biogenic carbonates: foraminifera also 735 
exclude Mg and are extensively used to reconstruct paleotemperatures on the basis of 736 
species-specific calibrations (e.g. Nürnberg et al., 1996; Rosenthal et al., 2011; Evans 737 
et al., 2015). Therefore, whether Mg/Ca reliably records temperatures or not has been 738 
a matter of debate; in some studies they defend its potential use (e.g. Brand et al., 739 
2003; Butler et al., 2015), while others discourage it (Lowenstam, 1961; Perez-Huerta 740 
et al., 2008), arguing in favour of the strong biological control of Mg in low-Mg 741 
calcifying brachiopods superimposing the environmental parameters. In the Figure 9g, 742 
we observe that DMg increases with temperature. This relationship is statistically 743 
significant (p < 0.05, Table 4) and in agreement with inorganic calcite experiments 744 
(Oomori et al., 1987). Nevertheless, when comparing with other values from the 745 
literature (Delaney et al., 1989; Perez-Huerta et al., 2008; Brand et al, 2013; Butler et 746 
al., 2015), there is no apparent trend. The latter could be due to different sampling 747 
techniques. Here, we consider only the values of the “plateau zone” only, while in 748 
other studies, Mg/Ca is the bulk value or the average of the entire secondary layer. 749 
The same holds for salinity. DMg increases with salinity, this relationship being 750 
statistically significant (p < 0.05, Table 4), if only our data are considered. With 751 
previous published values, the data become scattered. In consequence, we observe a 752 
trend of DMg with temperature and salinity, supporting its potential use as proxies, but 753 
this assertion is complicated due to the different sampling techniques, emphasizing 754 
that an appropriate and careful sampling is critical.  755 
In inorganic calcite, DSr changes with temperature: Sr/Ca increases by 1% 756 
with 1°C increase, at least between 16 and 27°C (Gabitov and Watson, 2006). 757 
However, we do not observe any relation between DSr of the plateau of the secondary 758 
layer and temperature, similarly as in previously published studies (Lowenstam, 1961; 759 
Perez-Huerta et al., 2008; Ullmann et al., 2017). Likewise, there is no relation 760 
between Sr/Ca and pH and salinity (Fig. 9j, 9k, 9l). As mentioned before, this could 761 
be due to different sampling techniques. Lowenstam (1961), however, suggested the 762 
use of Sr/Ca of brachiopod calcite as temperature recorder instead of Mg/Ca. This 763 
suggestion was based on the assumption that Sr is not as strongly controlled by the 764 
physiology of the organism as Mg/Ca. In view of our data, the Sr/Ca ratio of the 765 
secondary layer does not seem to be a suitable proxy for seawater temperature. 766 
 Regarding DLi, there is a negative relationship with temperature (Fig. 9a), with 767 
a decrease of DLi by 3% per degree Celsius. The relation between DLi and temperature 768 
is in agreement with the study of Delaney et al. (1989) and Dellinger et al (2018) on 769 
modern brachiopods. Marriott et al. (2004) observed the same effect for inorganic 770 
calcite, despite a constant offset between brachiopod and inorganic calcite. The cause 771 
of this offset is not determined yet.  772 
Finally, for DNa, there is a relationship with salinity, which is statistically 773 
significant (p < 0.05, Table 4, Fig. 9f). The correlation of DNa with salinity in 774 
brachiopod calcite is in agreement with studies investigating the relationship between 775 
Na/Ca and salinity in both, inorganically precipitated calcium carbonate experiments 776 
(Kitano et al., 1975; Ishikawa and Ichikuni, 1984; Okumura and Kitano, 1986) and 777 
marine calcifying organisms such as foraminifera (Wit et al., 2013), oysters (Rucker 778 
and Valentine, 1961) and barnacle shells (Gordon et al., 1970). Then, if Na/Ca of the 779 
"plateau zone” of the brachiopod calcite is primarily controlled by salinity, it opens 780 
the possibility of using this ratio as a proxy for seawater salinity, knowing the secular 781 
variations of Na/Ca in seawater. DNa also co-varies with temperature, but not with pH, 782 
which is in agreement with the findings of Ishikawa and Ichikuni (1984). Therefore, 783 
to decipher the control of DNa by these two environmental parameters, we suggest its 784 
use in combination to another temperature proxies such as Li/Ca ratios. 785 
 786 
4.6 Implications for the use of brachiopod geochemical data as paleoenvironmental 787 
proxies.  788 
 This study is the first investigating both the oxygen isotopic composition and 789 
element content at the microstructural level by using high spatial resolution in situ 790 
techniques. This allowed us to study the δ18O and elemental ratios in the different 791 
shell fabrics: primary, secondary and tertiary layers.  792 
The use of two-layered shells as archives of geochemical proxies has to be 793 
cautiously done. As it was already demonstrated by previous studies (e.g. Carpenter 794 
and Lohmann, 1995; Auclair et al., 2003; Cusack et al., 2012; Romanin et al., 2018), 795 
the best part to use is the innermost secondary layer. However, this "plateau zone" has 796 
not always the same thickness between species (Fig. 5), and it could be difficult to 797 
determine the exact zone to analyse. In this context, as proposed by Cusack et al. 798 
(2012), rhynchonellid brachiopods are more reliable because of their larger “plateau 799 
zone” than terebratulid brachiopods. This implies that the majority of their secondary 800 
layer can be used as proxy in paleoenvironmental studies. Moreover, as the δ18O 801 
values of the secondary layer, even in the "plateau zone" are not always in isotopic 802 
equilibrium with seawater, a specific calibration curve for brachiopod has to be 803 
defined and used, as proposed by Brand et al (2013).  804 
 The tertiary layer as a reliable proxy is an important finding for its use in 805 
paleotemperature reconstructions. Several fossil brachiopods have a tertiary layer, like 806 
the classes Rhynchonellata and Strophomenata, (Williams, 1968), which dominated 807 
the Paleozoic seas (e.g. Curry and Brunton, 2007). The tertiary layer is likely to be 808 
better preserved than the secondary layer because the columns of this layer are 809 
morphologically more stable and depleted in magnesium relative to the secondary 810 
layer. Some Carboniferous genera, like those of the Gigantoproductinae, developed 811 
shells with a very thick tertiary layer, exceeding 1cm (Angiolini et al., 2012). This 812 
tertiary layer has a maximum δ18O variation in the well-preserved – not diagenetically 813 
altered - parts of 1.1‰, agreeing with possible annual temperature variations. In 814 
addition, Grossman et al. (1996) found a depletion of sodium and magnesium in the 815 
tertiary layer of fossil brachiopods, with up to three times less content compared to 816 
the secondary layer. These findings are in agreement with our measurements in 817 
modern brachiopods. Thus, the biomineralization processes of the tertiary layer seem 818 
consistent between fossil and modern specimens. Consequently, when three-layered 819 
shells are available, the most suitable shell fabric to use for reconstructions of 820 
seawater temperature from δ18O values is the tertiary layer.  821 
The depletion of elements in the tertiary layer compared to the primary and 822 
secondary layers may have implications on the analysis of the isotopic composition of 823 
various trace elements, as δ7Li and δ11B. For example, Li is about two to four times 824 
less concentrated in the tertiary layer (Fig. 6) than in the secondary layer, involving 825 
the need to use more material for isotopic analyses. This depletion in elements, 826 
however, should not be interpreted as diagenetic effects, differences in precipitation 827 
or change in Li concentration of seawater. As an example, in Delaney et al. (1989), 828 
the spiriferid species Martinia sp. and Choristites sp., respectively from the Permian 829 
and Carboniferous, are depleted in Li/Ca, with values as low as 3.5 µmol/mol in 830 
Martinia sp. and 1.4 µmol/mol in Choristites sp. The Sr/Ca ratio analysed by Popp et 831 
al. (1986) from the same taxa is of around 0.5 to 1 mmol/mol and 0.3 to 1.2 832 
mmol/mol in Martinia sp. and Choristites sp, respectively. Species of Martinia are 833 
known to precipitate a tertiary layer (Angiolini, 2001), and analysis of the shell 834 
microstructure of Choristites mosquensis from the Pennsylvanian of Iran (Berra et al., 835 
2017) has revealed the occurrence of a thick tertiary layer (L. Angiolini, pers. com.). 836 
The depletion of both Li/Ca and Sr/Ca is in agreement with our findings on the 837 
tertiary layer on modern brachiopods, and the presence of a tertiary layer could 838 
explain the reason for the very low values measured in these fossil brachiopod 839 
species. 840 
 841 
5. Conclusions 842 
 843 
1. The primary layer of modern brachiopods is in oxygen isotopic and element 844 
disequilibrium. The primary layer is depleted in 18O and globally enriched in 845 
MTE, possibly due to the precipitation via amorphous calcium carbonate 846 
(ACC) precursors.  847 
2. In the secondary layer, we observed a general trend towards equilibrium or 848 
near equilibrium values due to kinetic fractionation effects, for both δ18O 849 
values and element content (except for Mg/Ca). The outer secondary layer is 850 
more affected by kinetic fractionation processes and thus out of equilibrium, 851 
whereas in the innermost regions, that are no or very little affected, 852 
equilibrium can be achieved.  853 
3. The tertiary layer has δ18O values in the range of equilibrium values and 854 
records the temperature variation at the sampling location. This shell layer is 855 
likely precipitated at slower growth rates, and not affected by kinetic effects. 856 
Consequently, the tertiary layer seems the most suitable shell microstructure to 857 
use for temperature reconstructions, if present. However, it is depleted in all 858 
the elements studied here, hampering their use in studies of non-traditional 859 
isotopic systems.  860 
4. A correlation between Na/Ca, Sr/Ca ratios and δ18O is recorded in the 861 
secondary layer of modern brachiopod species probably due to kinetic 862 
fractionation effects. This relationship may have a potential application to 863 
track kinetic effects in fossil organisms (Ullman et al., 2017).  864 
5. The Mg/Ca ratios are highly variable within the shell. They are always below 865 
expected equilibrium values due to physiological exclusion processes. We 866 
observe a trend with environmental parameters like temperature and salinity, 867 
but not when other published Mg/Ca values in modern brachiopods are 868 
considered. Consequently, the use of Mg/Ca of brachiopod shells as proxy for 869 
temperature needs further evaluation. 870 
6. A trend of DLi with temperature, and a trend of DNa with temperature and 871 
salinity are found for the “plateau zone” of the secondary layer. Further 872 
investigation of their potential use as temperature and salinity proxies is 873 
required before any application for paleoreconstructions. 874 
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Tables and Figures 1463 
Figure 1. Location of brachiopod sampling. (1) San Juan Islands, Washington, USA 1464 
(48.5°N, 123°W): Terebratalia transversa. (2) Isla Jaime, Ensenada de las Islas, Chile 1465 
(43.8°S, 72.9°W): Magellania venosa. (3) Tuscan Archipelago, Italy (42.3°N, 9.9°E): 1466 
Gryphus vitreus. (4) Doubtful Sound, New Zealand (45.4°S, 167.1°E): Magasella 1467 
sanguinea, Calloria inconspicua, Liothyrella neozelanica, Notosaria nigricans.  1468 
 1469 
Figure 2. Illustrative scheme of the parts used for analyses carried out in a valve of a 1470 
brachiopod specimen (M. venosa, MV05). The upper half of the valve shows how it 1471 
was mounted in an aluminium ring and embedded into epoxy for in-situ analyses (i.e; 1472 
ion microprobe and/or laser ablation); the lower half was prepared and crushed into 1473 
powder for bulk δ18O and δ13C analyses. 1474 
 1475 
Figure 3. Pictures of ion probe spots in the shell of N. nigricans (a) Photograph of the 1476 
ventral valve of N. nigricans analysed for oxygen isotopes in the central and anterior 1477 
parts (circled in red). (b) SEM picture of the ion probe spots in the dorsal valve of N. 1478 
nigricans. The picture belongs to the profile 428d@200, measured in the anterior part. 1479 
(Supplementary Table 2) 1480 
 1481 
Figure 4. Secondary electron microscopy images of the brachiopod shell 1482 
microstructures: (a) Terebratulid M. venosa, composed of primary and secondary 1483 
layers; (b) Rhynchonellid N. nigricans, composed of primary and secondary layers, 1484 
and (c) Terebratulid L. neozelanica, composed of primary, secondary and tertiary 1485 
layers. PL: primary layer, SL: secondary layer, TL: tertiary layer, p: punctae. 1486 
 1487 
Figure 5. Oxygen isotopic composition from the outermost to innermost shell in the 1488 
central and anterior parts of modern brachiopod species (a) T. transversa, (b) M. 1489 
sanguinea, (c) M. venosa, (d) N. nigricans, (e) L. neozelanica, and (f) G. vitreus. 1490 
Error bars represent the standard deviation. Grey fields indicate the region of δ18O 1491 
values for inorganic calcite precipitated in equilibrium with seawater for each locality 1492 
according to the equation of Watkins et al. (2013). The relative distance is calculated 1493 
with 0% corresponding to the outermost part of the shell and 100% the innermost 1494 
part. Closed circles are for measurements in the ventral valve and open circles for 1495 
measurements in the dorsal valve. Black lines are for measurements in the central part 1496 
and dotted lines for measurements in the anterior part. Red circles represent 1497 
measurements in the primary layer, black circles in the secondary layer and blue 1498 
circles in the tertiary layer. The dotted horizontal lines represent the bulk δ18O values. 1499 
T: terebratulid brachiopod, R: rhynchonellid brachiopod. 1500 
 1501 
Figure 6. Li/Ca, Na/Ca, Mg/Ca and Sr/Ca variations from outermost to innermost 1502 
shell in the central and anterior parts of the modern brachiopod species M. sanguinea, 1503 
N. nigricans and G. vitreus. The secondary y-axis represents the ratio between the 1504 
partition coefficient calculated for brachiopod calcite relative to seawater and the 1505 
partition coefficient of inorganic calcite in equilibrium (Eb-i.c, see text for more 1506 
explanations). Grey line indicates the value of equilibrium (by definition, Eb-i.c=1). 1507 
Error bars represent the standard deviation. Closed circles are for measurements in the 1508 
ventral valve and open circles for measurements in the dorsal valve. Red circles 1509 
represent measurements in the primary layer, black circles in the secondary layer and 1510 
blue circles in the tertiary layer. 1511 
 1512 
Figure 7. Measured δ18O values in the modern brachiopod species and the calculated 1513 
expected equilibrium δ18O values according to various paleotemperature equations. 1514 
(a) T. transversa, (b) M. sanguinea, (c) M. venosa, (d) N. nigricans, (e) L. neozelanica 1515 
and (f) G. vitreus. 1: Brand et al. (2013), 2: Kim and O’Neil. (1997), 3: Anderson and 1516 
Arthur (1983), 4: O’Neil et al. (1969), 5: Epstein et al. (1953), 6: Watkins et al. 1517 
(2013). PL: Primary layer. SL: Secondary layer. TL: Tertiary layer. Solid lines 1518 
represent δ18O –T calibrations for inorganic calcite. Hatched line represents δ18O –T 1519 
calibrations for biogenic calcite. 1520 
 1521 
Figure 8. (a) Sr/Ca vs δ18O values and (b) Na/Ca vs Sr/Ca in the secondary layer of 1522 
modern brachiopod species. Error bars represent the standard deviation. 1523 
 1524 
Figure 9. Li/Ca, Na/Ca, Mg/Ca and Sr/Ca partition coefficients (DLi, DNa, DMg and 1525 
DSr) of the average values, i.e. plateau zone, measured in the innermost secondary 1526 
layer brachiopod calcite and DLi and DSr of inorganic calcite (black triangles and 1527 
squares) versus environmental parameters (temperature, pH and salinity). Data of the 1528 
literature are from Delaney et al (1989), Butler et al (2015) (grey triangles), Dellinger 1529 
et al (2018), Brand et al (2013) (crosses) and Perez-Huerta et al (2008). Values for 1530 
inorganic calcite are from Marriott et al (2004) for lithium and DePaolo (2011) for 1531 
strontium. Error bars represent the standard deviation.  1532 
  1533 
Table 1. List of species, site of collection and temperature, salinity and pH (seawater 1534 
scale) of the ambient seawater. PL: Primary layer, SL: secondary layer, TL: tertiary 1535 
layer, V: ventral, D: dorsal. Seawater temperatures, salinities and pH are taken from: 1536 
1Thomson (1981), 2Penman et al. (2013), 3Brand et al. (2013), 4Laudien et al. (2014), 1537 
5Bajnai et al. (2018), 6Ye et al (2018); 7MEDATLAS, 8this study, 9Clark et al. (2009),. 1538 
T: Terebratulida, R: Rhynchonellida 1539 











T PL, SL 3 
San Juan 
Islands 
64 7.3-11.11 29.7-30.51 7.712 -1.83 
Magellania 
venosa 
T PL, SL 2 Isla Jaime 22 9.3-12.74 32.5-334 7.954 -1.25 
Gryphus vitreus T PL, SL, TL 3 
Tuscan 
Archipelago 
140-160 13.2-16.83 396 8.27 1.23 
Magasella 
sanguinea 
T PL, SL 4 
Doubtful 
Sound 
20 7-17.68 32.1-35.48 7.969 0.33 
Calloria 
inconspicua 
T PL, SL 1 
Notosaria 
nigricans 
R PL, SL 3 
Liothyrella 
neozelanica 
T PL, SL, TL 1 
 1540 
  1541 
 1542 
Table 2. Ventral and dorsal valve lengths and valve width of the brachiopod 1543 
specimens studied here. -: not measured. 1544 








D500L 27.1 - 30.0 
D501L 26.2 22.6 29.1 
D504L 23.1 19.7 28.1 
M. sanguinea 
DS401L 31.05 27.25 32.9 
DS402L 24.8 21.1 25.2 
DS403L 31.1 26.4 33.0 
DS404L 34.55 29.7 32.2 
N. nigricans 
DS428L 18.25 15.9 15.9 
DS429L - - - 
DS430L - - - 
G. vitreus 
GV13 33 30 28.5 
GV47 34 30 29 
GV78 36 31 30 
M. venosa 
MV05 48 42.5 39 
MV17 25 21.5 22.5 
L. neozelanica DS422L 33 29.6 31 
C. inconspicua DS419L 19.9 16.9 17.9 
 1545 
  1546 
Table 3. δ18O (‰, V-PDB) and δ13C (‰, V-PDB) of the secondary layer (± tertiary 1547 
layer) measured by bulk technique. -: not measured 1548 
Species Sample ID δ18O  SD δ13C  SD 
T. transversa 
D500L -0.70 0.07 -0.80 0.16 
D501L -1.09 0.02 -1.79 0.04 
D504L -0.65 0.07 -0.68 0.15 
M. sanguinea 
DS401L 0.42 0.04 0.58 0.08 
DS402L 0.14 0.05 0.27 0.08 
DS403L -0.07 0.04 0.02 0.07 
DS404L -0.22 0.04 -0.14 0.08 
N. nigricans 
DS428L 1.08 0.14 1.33 0.08 
DS429L 0.52 0.17 1.27 0.10 
DS430L 1.02 0.11 0.42 0.03 
G. vitreus 
GV13 2.28 0.21 2.85 0.05 
GV47 2.08 0.10 2.71 0.03 
GV78 1.99 0.15 2.82 0.06 
M. venosa 
MV05 - - - - 
MV17 -0.78 0.02 -1.07 0.05 
L. neozelanica DS422L 0.59 0.06 1.36 0.08 
C. inconspicua DS419L 0.34 0.03 0.43 0.06 
 1549 
  1550 
 1551 
Table 4. Significant (p<0.05) linear regression and statistics of the relations between 1552 
different elemental ratios in the brachiopod calcite and their environmental 1553 
parameters. The standard error for the slope and the intercept was determined using 1554 
MS Excel function LINEST. T: temperature; sal: salinity.  1555 
Relationship Slope Intercept R2 
p-value (95% 
confidence) 
Na-T 0.0000097 ± 0.0000037 0.00009 ± 0.00004 0.44 0.02 
Na-sal 0.0000065 ± 0.0000024 -0.00009 ± 0.00008 0.44 0.015 
Mg-T 0.00021 ± 0.00004 -0.0011 ± 0.0004 0.79 0.004 
Mg-sal 0.00014 ± 0.00003 -0.0033 ± 0.0009 0.76 0.001 
 1556 









